Modelica 3.0 as well as other physical modeling languages have two basic variable types to describe the interaction of physical components: "Potential" (or across) variable and "flow" (or through) variable. It is shown that with these variable types it is not possible to describe in a numerically sound way bidirectional flow of matter. Other alternatives based on signal flow oriented modeling have severe restrictions how components can be connected together.
Introduction
Connectors and connector designs are crucial for the modular modeling of complex physical systems. The understanding of simulation models is generally simplified if the modular model structure corresponds to the structure of actual physical devices. Connectors of such device-oriented models shall represent actual ports, like flanges for fluid flow.
Modelica provides different kinds of connection variables for the definition of connectors. Input and output signals are used for the connection of control blocks. Connections between physical devices are generally treated with pairs of "potential" (or across) and "flow" (or through) variables. Electrical systems are a typical example, where voltage differences are treated as potential variables and currents are treated as flow variables.
Thermo-fluid systems deal with convective transport phenomena. The two basic variable kinds in a physical connector -potential variable and flow variable -are not sufficient to describe in a numerically sound way the bi-directional flow of matter with convective transport of specific quantities, such as specific enthalpy and chemical composition. The values of these specific quantities are determined from the upstream side of the flow, i.e., they depend on the flow direction. When using potential and flow variables, the corresponding models would include nonlinear systems of equations with Boolean unknowns for the flow directions and singularities around zero flow. Such equation systems cannot be solved reliably in general. The model formulations can be simplified when formulating two different balance equations for the two possible flow directions. This is not possible with potential and flow variables though.
The requirements for a good, general-purpose object-oriented modeling framework in this domain are:
• single definition of one fluid connector class;
• intuitive semantics for hierarchical, deviceoriented modeling: outer connectors of a functional unit model (e.g., a steam generator) should correspond to physical flanges of the unit itself; • numerical robustness at zero and reverting flow;
• arbitrary connections between multiple fluid connectors are possible; automatically generated connection equations represent idealized flow junctions.
No Modelica fluid library existing so far fulfills all of these requirements. The experience made with different approaches for the modeling of fluid systems during the last years shows that the available kinds of connector variables are not well suited for the description of interfaces and connections for convective transport phenomena, such as thermofluid flow.
Without restriction of generality, this article discusses the convective transport of energy. Therefore, the following analysis is formulated in terms of specific enthalpy. Nonetheless, the principle holds for other quantities transported via convection such as substance concentrations as well.
Existing Definitions of Fluid connectors
This section discusses two different approaches that are widely used to describe the interaction of thermofluid components. Other known approaches are either similar to the discussed ones or are not valid with respect to the connection semantics of Modelica 3.
Connection Semantics of Balanced Models
In Modelica 3.0 the concept of balanced models was introduced [7] . This approach requires that every model is "locally balanced", which means that the number of unknowns and equations must match on every hierarchical level. It is then sufficient to check every model locally only once, e.g., all models in a Modelica package. Using these models (instantiating and connecting them, redeclaring replaceable models etc.) will then lead to a model where the total number of unknowns and the total number of equations will match -a very important and useful property. In [7] it is shown that this property can only hold if the number of flow variables in a connector is identical to the number of non-causal, non-flow variables (i.e., variables that do not have a flow, input, output, parameter, constant prefix). Therefore, this restriction on connectors was introduced in Modelica 3.0 and is utilized below.
Treatment of Transported Quantities as Signals
Focusing on the requirement for numerical robustness and simplicity for a Modelica tool, transported quantities can be communicated as signals through connectors. This approach has been implemented successfully in the ThermoPower library, see [2] .
The basic idea is to use a pair of input/output variables for each transported intensive quantity (e.g., the specific enthalpy or the composition). Each of them corresponds to a specific direction of flow (into or out of the connector): The input variables in both connectors refer to the value the intensive quantity would have assuming the flow is entering the component; the output variables refer to the value that the flow would have if going out of the component. These quantities are always well-defined, and do not have any discontinuity around zero mass flow rate.
The use of signals in physical connectors, however, complicates the device-oriented modeling of fluid systems. Modelica signals are not intended for physical connectors and their use restricts the connection semantics. Each connection set on the same hierarchical level must contain exactly one FluidPort_SignalA and one FluidPort_SignalB connector. Adaptor models need to be introduced in all other cases.
Treatment of Transported Quantities as Potential Variables
Focusing on the requirements for intuitive, deviceoriented connection semantics, transported quantities can be modeled as potential variables. Previous versions of Modelica_Fluid treat specific enthalpy as potential variable, complemented with enthalpy flow rate as flow variable, see [4] . The connector definition reads: The pressure p and the mass flow rate m_flow describe the hydraulic phenomena of fluid flow. The specific enthalpy h_mix and the enthalpy flow rate H_flow describe the convective transport of energy. Since no input/output prefixes are used in this connector, there are no restrictions how components can be connected together, contrary to the signal flow approach of section 2.2.
A connection set is seen as an infinitesimally small mixing volume and the specific enthalpy in the connector is the mixing enthalpy for arbitrary flow directions. Figure 1 shows an example with three connected components. 
with 0 0 This analysis shows clearly that the mixing enthalpy h mix should not be computed and it should never be used in a connector.
Stream Connectors
The goal of stream connectors is to fulfill all requirements on a thermo-fluid connector regarding intuitive device-oriented connection semantics on one hand and numerical robustness on the other. From the analyses in the previous section, it becomes obvious that, in order to meet the goal of numerical robustness, the plain specific mixing enthalpy should not be computed. Note that the energy balance, together with the piecewise equation given in equation (3), consists of different branches. It can therefore be split. Separate energy balances are the result; each valid for a specific flow direction.
This design decision leads to two primary consequences. First, the corresponding connector variables (called "stream" variables) come in two incarnations, one under the assumption of fluid entering the component, the other under the assumption of fluid leaving the component. The specific enthalpy under the assumption of fluid leaving the component, outflow h , is one of the two and has to be established via governing equations of the model. If a model has a "volume/capacity", these equations refer to the corresponding state variables of this volume. If the model does not have a volume/capacity, the specific enthalpy under the assumption of fluid leaving the component at one connector is an algebraic (instantaneous) function of the values of the specific enthalpies under the assumption of fluid entering the component at the other connectors of this component. This is the second consequence: Whenever the mixing enthalpy is used in a model it is the mixing enthalpy under the assumption of fluid flowing into said model. We establish this quantity using a dedicated built-in operator
This is the definition of the second incarnation of the specific mixing enthalpy on the level of a single flange. This means, the mixing enthalpy is only computed for the case when fluid is entering a component, but not when fluid is leaving. From the perspective of the connection set, this definition leads to n different incarnations of the specific mixing enthalpy (with n as number of connections in a connection set).
After motivating the concept, we will now describe it in detail. First, using stream variables, a fluid connector is defined as follows. In this section, only the most important type of connections is treated, where components are connected on the same "level", so called "inside" connections. The special case of "outside" connections, i.e., connections along a hierarchical model, is sketched in appendix A2.
A connector containing stream variables is called a stream connector. A stream connector must have exactly one scalar variable with the flow prefix. The idea is that all stream variables of this connector are associated with this flow variable. A stream variable
• defines a quantity that is transported by a flow through the stream connector (i.e. large-scale motion via, e.g., m_flow); • represents the value of the transported quantity for the case of outflow through the stream connector, i.e. m_flow < 0;
• does not lead to the generation of any connection equations (for "inside" connections). A model using a stream connector must expose the outflow value, which is known from internal storage or from inflow values of other connectors, independently of the flow direction. The inflow value can be obtained by a model on demand by using the new operator
inStream(h_outflow)
In the Modelica Language Specification 3.1 [6] , the definition for this operator is given implicitly. It is based on the balance equation for transported quantities, see (2) and (3):
However, the common enthalpy h mix for ideal mixing shall not be computed. Instead, for every connector i the balance equation (5) is written under the assumption that flow is only entering a component via connector i (so these are "n" equations):
As a result, the "n" balance equations (6) (6) is identically fulfilled for every value of h mix_in,i . It is therefore necessary to approximate the solution of (6) in an open neighborhood of that point. We neglect this issue for the moment and will come back to it in the subsequent section.
As shown in appendix A1, the enthalpy for ideal mixing for "n" connected components can be explicitly computed from (5) by:
In a similar way, the mixing enthalpy under the assumption of a flow into connector i can be explicitly computed from (6) by:
All variables needed for the expansion of the inStream operator are explicitly given in a connection set. The own outflow value h_outflow i is not considered as a connector cannot have inflow and outflow at the same time. The expansion of the inStream operator simplifies for some important special cases. Figure 3 shows the series connection of two volumes via two "flow" models that neither store mass nor energy. In this case the inStream operator reduces to a simple propagation of two independent values. This can be easily derived from (8) for the special case of two connected components: 
These equations state that the value of the inflowing specific enthalpy is just the value of the specific enthalpy from the upstream side. This result could have been obtained also directly by inspection of a figure of this situation. Therefore, the following relations hold for Figure 3 :
In volume B the energy balance, with the internal energy U B of volume B, might have the following form which can be considerably simplified using (10):
Note, that h A and h B are either states of the respective volumes or can be directly computed from the states via the media equations, which means that these variables are "known". The equation in (11) still contains a relation of the unknown mass flow rate ( 0
However, this is uncritical here, because this relation can be directly computed from the states of the volume and from the pressure-drop equations of the two flow models: 
Function f 1 (..) is the pressure drop relation of component flow 1 and f 2 (..) the respective one of component flow 2. These functions depend basically on the pressure difference between their ports and the upstream density ρ, i.e., ρ ba when the flow is from port "b" to port "a" and ρ ab when the flow is from port "a" to port "b" (other dependencies, e.g., from dynamic viscosity η, can be handled in a similar way Figure 3 is easy to solve numerically and only requires to solve one (uncritical) scalar non-linear equation in one unknown and otherwise only a series of explicit equations needs to be solved. The above analysis holds if the medium equations are a function of pressure p and specific enthalpy h. Other medium dependencies are uncritical as well, as discussed in section 4. The outflow values of connectors that never provide outflow, like absolute sensors, do not need to be considered for the expansion of inStream operators. Such connectors are defined by using the min attribute for the flow variable, see Figure 4 .
The inStream value of an unconnected connector is defined to be equal to the outflow value.
The complete specification of stream connectors, for inside and outside connectors is given in [6] .
Numerical Properties
In this section, the regularization of the inStream() operator is sketched and several other numerical properties are analyzed.
Regularization of the inStream() Operator
As already analyzed in the preceding section, the return value of the inStream() operator cannot be uniquely computed if all mass flow rates are zero. When using equation (8), even a division by zero occurs. In [6] ). This means that the balance equation is approximated only for small mass flow rates and otherwise is exactly fulfilled. There are several possibilities to fulfill these requirements. In Figure 5 Figure 6 shows an illustration of this regularization for the case of a three-way mixing point. Herein, the arithmetic mean value is shown in blue. Note that outside of the regularization domain points remain, which are not continuously differentiable. This is necessary due to the second requirement to the regularization, which states that the approximation must be exact whenever the absolute values of all flow variables are greater than a given small value. Note, the following trivial implementation of the positiveMax() operator is also allowed according to [6] :
In this case, the approximation is still exact whenever the absolute values of all flow variables are greater than a given small value. However, in the regularization region the operator is no longer continuously differentiable. See figure 7 for an illustration. 
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Iteration Variables for Nonlinear Algebraic Equation Systems
For the robustness of the simulation, the choice and number of iteration variables in non-linear equation systems are crucial. We will discuss this issue at the example of a three-way mixing point with flow models ("detailed wall friction with laminar and turbulent region"), see Figure 8 , and in the general case. As medium, the fluid "Modelica.Media.IdealGases.-MixtureGases.FlueGasSixComponents" is used which is a mixture of six ideal gas substances. The independent medium variables are pressure p, temperature T and 5 independent mass fractions Xi. This system is basically described by the following set of equations: 1  1  1  1  1  1  1   2  2  2  2  2  2  2   3  3  3  3  3  2  2   1  1 _  1   1 _  1  1   0   ,  ,  , 
... In order to compute all needed intensive quantities for the ideal gas mixture, the (unknown) temperature T must be computed from pressure, specific enthalpy and mass fractions. This requires in general to solve one non-linear algebraic equation in one unknown. In the Modelica.Media package, this is performed with the algorithm of Brent [1] which is completely reliable and very efficient 1 . Once the temperature is known, densities ρ and dynamics viscosities η may be computed for the wall friction correlations. Also, with the pressure in the mixing point, all pressure differences can be computed and finally all mass flow rates via functions f 1 (..), f 2 (..), f 3 (..). The 3 residual equations are then the differences between the mass flow rates given by the solver and the ones computed from the wall friction correlations.
In the general case of a N-way mixing point, a similar analysis shows that N-1 mass flow rates and 1 An interval is given in the medium definition, in which the root must be present. If possible, a smaller interval is computed by inverse quadratic interpolation (interpolating with a quadratic polynomial through the last 3 points and computing the zero). If this fails, bisection is used, which always reduces the interval by a factor of 2. The inverse quadratic interpolation method has superlinear convergence. This is roughly the same convergence rate as a globally convergent Newton method, but without the need to compute derivatives of the non-linear function. the mixing point pressure can be used as iteration variables for a reduced nonlinear algebraic equation system of size N. Note, the number of iteration variables is independent of the number of substances in the medium.
Since the iteration variables -pressure and mass flow rates -are always continuous and in many cases also continuously differentiable, the non-linear algebraic equation system is well-posed and fulfills the requirements of a non-linear algebraic equation solver. For example, in Figure 9 , a typical simulation result of the 3-way mixing point of Figure 8 is shown, where it is clearly seen that the two iteration variables 1 The model equations need to be implemented in a specific form, in order to get the desirable properties from above, see section 5.2. The important point is that a function is called to compute the independent variables of the medium (i.e p,T,Xi in the case of the flue gas medium above) from the potential and streams variables of the connector (p,h,Xi) and not vice versa.
In former Beta versions of the Modelica_Fluid library [4] , as well as in the ThermoPower library [2] , the inverse correlation is used instead: In a "flow" model component a function is present to compute (p,h,Xi) from the medium states (p,T,Xi) via the BaseProperties model which is present in the Modelica.Media models. In such a case, a tool needs to use the temperatures close to the connection points as additional iteration variables. Temperatures are, however, a very bad choice for iteration variables, if bi-directional flow can occur, because they change usually discontinuously when the mass flow changes direction. For example, in Figure 10 , the temperatures of Figure 8 are shown that would be used as iteration variables in such a case. As can be clearly seen, the temperatures are discontinuous and discontinuous iteration variables violate the pre-requisite of every nonlinear algebraic solution method and a reliable solution can therefore not be expected.
The results of the analysis above are summarized in the following . The analysis above was performed for an ideal mixing point with a multi-substance medium. One might expect that the described problems are gone if a more detailed model with a volume is used for the mixing point. However, during steady-state initialization and/or for a pure steady-state simulation, the time derivatives of the dynamic states are set to zero and again nonlinear equation systems with similar properties are present. Again, it can be expected that the streams-connector approach leads to equation systems with a small number of continuous iteration variables and can therefore be solved reliably.
Note, if a volume would be used in the connection point of the three-way mixing point, the overall model would have 7 additional states (p, T, 5 mass fractions Xi). If the more precise description is not needed, one can therefore expect that the ideal mixing formulation (leading to a reliably solvable nonlinear algebraic equation system with 3 iteration variables) could result in a more efficient simulation.
Inverse Function Annotation
The streams connector concept introduced in section 3 is very well suited for media where the potential and stream variables in the connector (e.g., p, h, Xi) are also used as medium states. For media with other media states, there is the disadvantage that for every connection a non-linear algebraic equation has to be solved in order to compute the medium states from the potential and streams variables of the connector. For example, if a medium with independent variables pressure p and temperature T was used for the example in Figure 3 , then four scalar non-linear algebraic equations need to be solved to compute (p,T) from (p,h) at points 1a, 1b, 2a, and 2b. This is completely unnecessary for points 1a and 2b, since here the medium states could just be propagated from the volumes.
In order to more efficiently cope with such situations, in Modelica 3.1 [6] , section 12.8, a new annotation is introduced to define the inverses of functions. For example, (p,T) media should have the following two basic function definitions: function h_pT input Real p "pressure"; input Real T "temperature"; output Real h "specific enthalpy"; algorithm ... end h_pT; function T_ph input Real p "pressure"; input Real h "specific enthalpy"; output Real T "temperature"; annotation(inverse(h = h_pT(p,T)); algorithm ... end T_ph;
For a (p,T) media the specific enthalpy h is computed explicitly via function h_pT(..). Additionally, the inverse function T = T_ph(..) is needed which will usually need to call a non-linear algebraic equation solver in order to invert function h_pT(..). In such a case, function T_ph(..) should have the annotation "inverse(h = h_pT(p,T)". This annotation states that the inverse of T_ph is function h_pT. The essential requirement is that the inverse function must have the same input/output arguments as the direct function, but the order of the arguments may be permuted. Especially, a variable that was declared as "input", is used as "output" in the inverse function.
The "inverse" annotation signals a tool that it should use this function if possible, because it will be more efficient than using the "direct" function. For example, in Figure 11 two components are connected together and stream variables are used in the connectors. Let us assume that p, T 1 are known variables, since they are states of a volume. This situation is described by the following equations:
Since the inverse function h pT is defined as annotation in function T ph , the tool is advised to try whether the usage of the inverse function will simplify the equations. Indeed this is the case here: If the last equation is replaced by the inverse function:
pT pT inflow
it can be detected that the same function is called twice. In both cases, the same arguments p,h 1 are used. The second input arguments T 1 , T 2,inflow must be identical, in order that this can hold. Therefore, the above equations can be simplified to:
As a result, function T ph need no longer be called and therefore one scalar nonlinear algebraic equation computation is removed. The above simplification rule is, e.g., available in Dymola 7.2 [2] . In a few media of Modelica.Media (version 3.1) the inverse annotation is already included. It is planned to include the annotation for all media where this makes sense in the follow-up version of the Modelica Standard Library.
To summarize, with the inverse annotation, appropriate media description and corresponding tool support, the unnecessary scalar nonlinear algebraic equation systems are avoided for 1:1 connections, when using media that do not have (p,h,X) as states.
Examples for Basic Fluid Models
Thermo-fluid models are built from components, each representing a control volume. A control volume is defined as a fixed region in space where one studies the masses and energies crossing the boundaries of the region. The boundaries of a control volume usually represent the physical boundaries of the parts through which fluid flow is occurring. Often two basic kinds of component models are distinguished:
• Volume models define a thermodynamic state for a lumped medium.
• Transport or flow models serve to connect volume models. They do not define an own thermodynamic state. Instead they define the transport of fluid for thermodynamic states given at their ports. Multiple volume and transport models can be assembled to build component models hierarchically. The following examples use the connector FluidPort = FluidPort_Stream;
Volume model
A basic model of an ideally mixed lumped volume is defined below. Alternatively the volume model could be defined with only one fluid port as multiple connections can be made to it. Then, however, ideal mixing would take place in the port outside the volume. Using unary connections to multiple ports ensures that the mixing takes place inside the volume. This is the generally intended behavior for multi-way connections to a volume. Nonlinear systems of mixing equations are avoided.
The actualStream operator used to define the energy balance is a shorthand notation for: Note that with stream variables the Boolean unknown for the flow direction appears in the energy balance, where the flow dependent value of the specific enthalpy is multiplied with the mass flow rate. This is why a reverting flow, i.e. m_flow crossing zero, does not cause jumping values in the model equations.
Transport model
The flows are defined with transport models. A basic model for isenthalpic flow is given below: The flow model does not define own thermodynamic states as it has no storage of mass or energy. Instead the mass flow rate is defined for thermodynamic states seen through the ports for the case of inflow. These are generally the (transformed) states defined by connected volume models.
The flow model defines steady-state mass, energy and momentum balances. The function f gives the relationship between pressure drop and mass flow rate.
The use of the ThermodynamicState records state_a and state_b also ensures that appropriate equation systems are generated by a Modelica tool for medium models that do not use pressure and enthalpy as independent variables, such as gas models often using pressure and temperature instead (see section 4 above).
Sensor model
Ideal sensor models are used to pick up fluid properties, such as temperatures. They do not contribute to the fluid flow. A basic model for a temperature sensor is given below. The mass flow rate in the port is defined to be nonnegative. This tells the translation tool that the outflow enthalpy defined by the sensor must not be used in any mixing equations, as outflow does never happen; see also Figure 4 above.
Conclusions
So far it has not been possible to agree on a common approach for the formulation of fluid ports. Existing approaches have either been based on control signals, which do not allow the device-oriented modeling of fluid systems, or on pairs of potential/flow variables, which lead to numerically unreliable equation systems.
The new stream variables allow the declarative formulation of fluid ports. Stream variables define the convective transport of specific quantities, such as specific enthalpy or chemical composition. The streams concept is a big step forward for fluid modeling in Modelica. However, stream connectors are not yet the ultimate solution for fluid modeling because there are still missing features:
• The used medium has currently to be defined for every component. It would be nicer if the medium was defined at one source and the medium definition would then be propagated through the connection structure.
• When components are connected together, the connection semantics ensures that the mass and the energy balance are fulfilled exactly (in the sense of "ideal" mixing). The momentum balance is exact in case of identical dynamic pressure for each of the connected flanges. If this approximation is not sufficiently accurate, an appropriate explicit junction model has to be used. It would be useful if also the momentum balance was automatically fulfilled when 3 or more components are connected together. This requires including information about the geometry of fluid flanges into the connector description. This is an explicit formula to compute h mix for three connected components. It is straightforward to generalize this formula to "n" connections:
1... 
A2 Stream Variables in Hierarchical Models
The discussion of stream connectors has been restricted to connections on the same hierarchical level in this paper so far. In this section the handling of stream variables in hierarchical models is considered. 
